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The relationship between changes in lipid classes and phytoplankton composition and abundance in the northern Adriatic was studied during spring and summer 2008 at two stations with different nutrient levels, i.e. at the western mesotrophic and eastern oligotrophic areas. Changes in the phytoplankton community depended on temporal surface nutrient depletion and bottom accumulation; that is, microphytoplankton, mainly diatoms Pseudo-nitzschia spp., developed at nutrient richer surface layers of the mesotrophic area in spring and at deeper layers of the oligotrophic site in late summer. In other periods nanophytoplankton dominated. Dissolved organic carbon (DOC) and lipid content were comparable for the two stations, while particulate organic carbon (POC) was richer at the mesotrophic side. Total lipid concentrations varied in the range from 8.0 to 92.2 g l–1 and 16.9 to 76.9 g l–1 in the dissolved and particulate fractions, respectively. DOC and POC contents were in the ranges from 0.77 to 1.58 mg l–1 and 0.06 to 0.56 mg l–1, respectively. Lipid and organic carbon distribution did not follow phytoplankton progression, indicating decoupling between organic matter production and decomposition through the investigation period. The main sources of lipids were marine phytoplankton and bacteria. Low nutrient conditions caused increased biosynthesis of lipids. Also, increasing oligotrophy led to increasing number of phytoplankton taxa. The synthesis and accumulation of glycolipids by the developed taxa were enhanced during nutrient exhaustion, contributing in late summer, on average, 20.2 and 22.0% at the mesotrophic and oligotrophic stations, respectively, in the particulate fraction. The distribution of bacterial lipids and lipid breakdown products imply that bacterial lipid degradation was significant in spring, while very probably lipid abiotic degradation took place during summer.










Recently, investigations of marine organic matter (OM) are becoming more popular since carbon capture and sequestration is a possible method of reducing the atmospheric carbon dioxide level. Therefore, studies of OM concentration, production, characterization, cycling and distribution, as well as influential factors, are important. Lipids are good candidates for such studies due to their stable nature compared to carbohydrates and proteins (Harvey et al., 1995). Although they are present in low concentrations in seawater, they are universally distributed in the marine environment and intimately involved in numerous essential biological processes (Arts et al. 2001). Phytoplankton cells are an important source of the particulate lipid pool, contributing up to 79 % in biologically productive surface water layers, while the content of lipids in phytoplankton cells ranges from ≤1 % to 46 % of dry weight (Romankevich, 1984). The main source of dissolved lipids in the marine environment is dissolution from the particulate fraction (Yoshimura et al., 2009). Particulate lipids have been investigated more frequently than dissolved lipid classes (Goutx et al., 2009). 
Lipids characterized at the molecular level are good biogeochemical markers for identification of OM sources in marine samples (Parrish 1988). Polar lipids, i.e. phosphatidylglycerols, diphosphatidylglycerols (PG), phosphatidylethanolamines (PE) and phosphatidylcholine (PC), are biomembrane structure components and reveal the organic matter associated with living organisms (Derieux et al., 1998). Triacylglycerols (TG) indicate metabolic reserves. Wax esters (WE) are major neutral lipids in some zooplankton species (Kattner, 1989) and in their detritus and fecal pellets (Wakeham et al., 1984). Diacylglycerides (DG), monoacylglycerides (MG) and free fatty acids (FFA) are glyceride breakdown products and characterize degradation level (Parrish, 1988; Goutx et al., 2003). Fatty alcohols (ALC) mainly originate from zooplankton wax esters. An index for characterization of the degree of lipid degradation in natural sea water and OM freshness is the lipolysis index (Goutx et al., 2003).
The northern Adriatic Sea is a shallow basin with a maximum depth of 50 m. This has two consequences: light penetrates through a significant part of the water column, even as far as the bottom, and there is a strong coupling between pelagic and benthic processes (Fabiano et al., 2001). It is characterized by a cyclonic circulation of water masses, very high input of freshwater discharges on western side and strong eutrophic gradients (Degobbis et al., 2005). Po River run-off brings loads of nutrients, while the eastern part is characterized by the input of highly saline waters from the southern Adriatic. Studies on OM in the northern Adriatic included investigations of dissolved organic carbon (DOC) and particulate organic carbon (POC) (Giani et al., 2005), surface active substances, carbohydrates (Gašparović and Ćosović, 2001; Tepić et al., 2009) and transparent exopolymers (Radić et al., 2005). Often these studies were related to the development of mucilage and intense algal blooms (Precali et al., 2005). However, data on the lipid classes in the northern Adriatic are limited (Derieux et al., 1998; Gašparović et al., 1998). Phytoplankton communities have been investigated mostly on the western side of the northern Adriatic (Bernardi Aubry et al., 2004). The last comprehensive data on the phytoplankton distribution from the western to the eastern part were published in the 1970s (Revelante and Gilmartin, 1976). The phytoplankton seasonal cycle in the northern Adriatic Sea is characterized by spring and autumn maxima that tend to coincide with maximum Po river discharge and/or periods of low water column stability and vertical mixing (Revelante and Gilmartin, 1976). Lately some changes have been observed as, from 2005 to 2008, there was a shift in the timing of the annual Po river maximum from spring to autumn and phytoplankton yearly maxima were reached in autumn (Viličić et al., 2009). Diatoms dominate the phytoplankton assemblages over the most of the year (Totti et al., 2000). The significant blooms of potentially toxic diatoms from the genus Pseudo-nitzschia have been recently observed (Marić et al., 2011). Autotrophic and mixotrophic flagellates dominate in oligotrophic conditions in April-July (Viličić et al., 2009). Dinoflagellates reach their maximum abundance in spring and summer. As major mixotrophs they follow the distribution of organic matter secreted after diatom blooms and they never reach such high abundances as diatoms.




2. Materials and methods
2.1. Study area, sampling and sample treatment




For lipid class determination, 3 l of seawater were collected in glass containers and passed through a 200 m stainless steel screen to remove zooplankton and larger particles. Immediately after sampling, seawater was filtered through 0.7 m Whatman GF/F filters pre-burned at 450 °C for 5 h. Filters were stored in liquid nitrogen until lipid extraction, within a week of sampling, and analysis, within a month. 
The dissolved fraction was extracted by liquid-liquid extraction in dichloromethane (twice at pH 8 and twice at pH 2). Particulate lipids were extracted by a modified one-phase solvent mixture of dichloromethane-methanol-water procedure (Bligh and Dyer, 1959). Ten micrograms of internal standard n-hexadecanone were added to each sample before extraction. The final measured amount provided lipid recovery estimation (Parrish 1987). Extracts were concentrated by rotary evaporation and concentrated until dryness under a nitrogen atmosphere.
Temperature and salinity were determined by CTD probe (SBE 25 Sealogger CTD, Sea-Bird Electronics, Inc., Bellevue, Washingon, USA), while nutrient concentrations including NO3, NO2, NH4, PO4, SiO4, and organic phosphorus (Porg), were analyzed by spectrophotometric methods (Parsons et al. 1985). The method accuracies for NO3, NO2, NH4, PO4, and SiO4 were ±3%, ±3%, ±5%, ±3%, and ±6%, respectively, and detection limits were 0.05 µmol l–1, 0.01 µmol l–1, 0.1 µmol l–1, 0.02 µmol l–1, and 0.05 µmol l–1, respectively.
The dissolved oxygen concentration was determined by the Winkler titration method (Parsons et al., 1985), while the saturation percentage was calculated following the Benson and Krause equation (UNESCO, 1986). The method accuracy was ±0.5% with a detection limit of 0.02 ml l–1.

2.2. Phytoplankton
	Water samples for phytoplankton analyses were preserved in a 2% neutralized formaldehyde solution. Identification and enumeration of the samples was carried out following the Utermöhl procedure (1958) using phase contrast illumination on a Zeiss Axiovert 200 inverted microscope. Sub-samples of 50 ml were analyzed microscopically within a month after a 24 h sedimentation process. Larger nanoplankton cells (>5 µm) were counted using a magnification of 400x, and microplankton cells using a magnification of 200x. Microplankton and nanoplankton fractions were differentiated on the basis of cell dimensions (Sieburth et al., 1978). At a magnification of 100 x, half of the counting chamber base plate was counted for the taxa larger than 30 µm. The precision of the counting method was ±10%. Standard keys and manuals were used for taxonomic determinations (Schiller, 1937; Hustedt, 1962; Tomas, 1995).

2.3. Organic carbon analyses
A model TOC-VCPH (Shimadzu) carbon analyzer with a platinum silica catalyst and a non-dispersive infrared (NDIR) detector for CO2 measurements was used for DOC measurements. Concentration was calculated as an average of three to five replicates. The average instrument and Milli-Q blank corresponds to 0.03 mg l–1 (n=33) with high reproducibility (1.6 %). POC was analyzed by a solid sample module SSM-5000A connected to a Shimadzu TOC-VCPH carbon analyzer calibrated with glucose. POC concentrations were corrected on the basis of blank filter measurements. The average filter blank including the instrument blank corresponds to 0.005 mg l–1. The reproducibility obtained for the glucose standard was 3 %. 

2.4. Lipid analyses 
	Lipids included the following classes: wax esters and sterol esters (WE/SE, hereinafter termed WE); fatty acid methyl esters (FAME); fatty ketone, hexadecanone (KET, internal standard); triacylglycerols (TG); free fatty acids (FFA); fatty alcohols (ALC); 1,3-diacylglycerols (1,3DG); sterols (ST); 1,2-diacylglycerols (1,2DG); pigments (PIG); monoacylglycerols (MG); mono- and di-galactosyldiacylglycerols (MGDG+DGDG, hereinafter termed MGDG); phosphatidylglycerols and diphosphatidylglycerols (PG+DPG, hereinafter termed PG); phosphatidylethanolamines (PE); and phosphatidylcholine (PC). The lipid class analysis was performed using thin-layer chromatography. Lipid classes were separated on Chromarods SIII and quantified with an external calibration using a mixture of standard lipids by a thin-layer chromatograph-flame ionization detector (TLC-FID) Iatroscan MK-VI (Iatron, Japan), using a hydrogen flow of 160 ml/min and an air flow of 2000 ml/min. The separation scheme involved elution steps in the solvent systems of increasing polarity, implying a slightly modified protocol (C. Guigue, personal communication, 2006) as described by Striby et al. (1999). HC, WE, FAME, and KET were separated with hexane-diethyl ether-formic acid (97:3:0.2, v:v:v) for 28 min. TG and FFA were separated with hexane-diethyl ether-formic acid (80:20:0.2, v:v:v) for 30 min, while ALC, 1,3DG, ST, and 1,2DG were separated with an additional 20 min in the previous solvent mixture. PIG, MG, and MGDG were separated with chloroform-acetone-formic acid (95:5:0.6, v:v:v) for 32 min followed by 8 min in acetone (100 %). Finally, chloroform-methanol-ammonium hydroxide (50:50:5, v:v:v) during 40 min allowed separation of PG, PE, PC, and non-lipid material which remained at the origin. Each seawater extract was analyzed two to four times: for the analysis 2 l aliquots of 20–100 l solution in dichloromethane were spotted on Chromarods with a semiautomatic sample spotter. The standard deviation determined from duplicate runs accounted for 0 – 20 % of the relative abundance of any lipid class (see Tables 1 a-c). 

2.4. Data analyses
Data were statistically analyzed using Origin 7 computer software (Origin Lab). Linear fit and one-way ANOVA were used to analyze similarities between the data. 




3.1. Environmental conditions 








Fig. 2 c and d display dissolved oxygen (DO) saturations. The highest DO saturations were observed during April and June in the upper water column, reaching oversaturation values of 123 % at station 101 in April and June at 5 m depth. Dissolved oxygen surface oversaturation and bottom hyposaturation were more pronounced at station 101 than at station 107.

3.2.2. Nutrients





3.2.3. Dissolved organic carbon (DOC)





3.2.4. Dissolved lipid classes
The general characteristics of total dissolved lipid were that the highest values were detected in June at both stations and there was high variability in the upper water column at station 101 (Fig. 5 a and b). Concentrations of total dissolved lipids were between 14.2 and 92.2 g l–1 at station 101 and between 7.5 and 87.3 g l–1 at station 107 (Tables 1 a-c). The average contributions of dissolved lipids to DOC in April, June, and August were 1.6, 3.3, and 3.7 %, respectively, at station 101 and 1.4, 4.0 and 3.5 %, respectively, at station 107.
Dissolved lipid class distributions are given in Tables 1 a-c. The most abundant classes of the dissolved fraction were MGDG (6.5 – 48.6 % of total lipid carbon), FFA (0.1 – 24.4 % of total lipid carbon) and PG (4.0 – 17.3 % of total lipid carbon). 
The dissolved storage lipid concentrations, WE and TG (0.3 – 3.8 and 0.1 – 14.9 g l–1), followed a general pattern similar to that of dissolved lipids, with the highest values detected in June. 
Concentrations of phytoplankton membrane lipids, including polar lipids, PG, PC, MGDG, and ST (0.2 – 12.6 g l–1, 0.0 – 2.3 g l–1, 0.4 – 31.6 g l–1 and 0.0 – 15.1 g l–1, respectively) were higher in June than in August, with the lowest values noted in April. Comparing sites, their values in April were higher at station 101 than at station 107.
 PE concentrations (0.1 – 5.7 g l–1), as indicators of bacterial presence (Rütters et al. 2002), were lowest in April. PE concentrations in April and June were higher at station 101 than at station 107, while the opposite was found in August.






3.3.1. Phytoplankton assemblage composition

Throughout the study, 97 distinct microplankton taxa were detected, of which 70 were identified at the species level (Table 4). Microplankton was comprised of coccolithophorids, diatoms, dinoflagellates and silicoflagellates. Nanoplankton was composed of diatoms, dinoflagellates, coccolithophorids, green algae, and cryptophytes. 
A considerable discrepancy in phytoplankton assemblages between the two stations was observed in April. At station 101 the microplankton fraction dominated by comprising up to 98% of the phytoplankton community (Fig. 6a), in particular by diatoms Pseudo-nitzschia spp. Peragallo, with the species list shown in Table 2a. The phytoplankton community at station 107 was dominated by nanoplankton (Fig. 6d), more specifically by cryptophytes with a maximum abundance of 7.6 × 104 cells l–1. The correlation between oxygen saturation and cell density was positive for April (R=0.99, p=0.00488, n=4; R=0.77, p=0.0469, n=5, at stations 101 and 107, respectively).
A difference in June assemblages between the two stations was observed in the form of an increased abundance of nanoplankton (max 6.3 × 105 cells l–1) at station 101 (Fig. 6c). In the microplankton community, the contribution of dinoflagellates increased at both stations (up to 57 % at station 101) (Table 4a). Nanoplankton increased 3.9 and 1.3 times at stations 101 and 107, respectively, contributing 89 % of the phytoplankton community.





3.3.2. Particulate organic carbon (POC)
POC distributions are presented in Fig. 4 c and d. POC concentrations varied significantly at station 101, ranging from 0.06 to 0.56 mg l–1, in contrast to lower variation detected at station 107 with values ranging from 0.07 – 0.20 mg l–1. Higher POC values were detected in the surface layer, while values decreased from April to August. Additionally, higher POC values were found at station 101 than at station 107 (20 – 66 % of the mean). The contribution of POC to total organic carbon (TOC) at station 101 decreased from April and June until August, with values of 18.5, 12.3 and 9.0 %, respectively. The contribution of POC to TOC at station 107 was lower and uniform, with a value of 8.5 %. The correlation between POC and phytoplankton abundance (nanoplankton abundance is divided by 100 as it is assumed that the cell volume of nanoplankton is about ten times smaller in comparison to that of microplankton) was statistically significant at station 101 in April and at station 107 in June (R=0.99, p=0.00051, n=5; R=0.89, p=0.0271, n=5, respectively).

3.3.2. Particulate lipid classes

Total particulate lipid distributions are presented in Fig. 5 c and d. In general, the highest values were measured in June. Higher concentrations were measured in April at station 101 (≤ 76.9 g l–1) than at station 107 (≤ 35.9 g l–1). June was characterized by comparable total particulate lipid concentrations at stations 101 and 107 (38.3 – 66.3 g l–1), while in August relatively uniform distributions of particulate lipids of lower concentrations were detected at station 101 (33.7 – 43.7 g l–1) than at station 107 (37.1 – 60.8 g l–1). The average contributions of particulate lipids to POC in April, June and August were 16.4, 21.4 and 30.7 % at station 101, respectively, and 17.8, 34.0 and 37.9 % at station 107, respectively. If lipids were mainly originating from phytoplankton then a high correlation between total particulate lipids and phytoplankton abundance would be expected. This correlation appeared to be statistically significant in June (R=0.80, p=0.0035, n=11) when nanoplankton was dominant in the phytoplankton population at both stations. 
Results for individual lipid classes of the particulate fraction are presented in Table 1 a-c. Polar membrane lipids PG, MGDG and PE dominated, contributing 12.9 – 31.8 %, 10.2 – 35.4 % and 5.8 – 20.0 % of total lipid carbon, respectively. 
The concentration of plankton storage lipids, WE and TG (0.5 – 5.0 and 2.1 – 9.1 g l–1), was higher in the particulate than in the dissolved fraction. According to sampling strategy WE originated from microzooplankton, fecal pellets, and/or decaying zooplankton. WE increased from April to August, and more significantly at station 107 than at station 101. The contributions of phytoplankton storage lipids, TG, to total particulate lipids for April, June and August, were 10.4, 8.6 and 10.7 %, respectively, at station 101 and 16.6, 8.8 and 9.3 %, respectively, at station 107.
Concentrations of membrane lipids PG, PC, MGDG, ST and PE (3.3 – 17.6 g l–1, 0.7 – 6.1 g l–1, 2.2 – 21.5 g l–1, 0.6 – 8.2 g l–1 and 1.6 – 11.7 g l–1, respectively) were highest in June. The enrichment of these lipids was found in April and June at station 101, while in August the enrichment was detected at station 107. These lipids were, in general, more abundant in the particulate than in the dissolved fraction. The average MGDG contributions to the lipid pool in April, June and August was 18.6, 19.1 and 20.2 %, respectively, at station 101 and 19.1, 20.0 and 22.0 %, respectively, at station 107. A very high contribution of MGDG to particulate lipids was detected at the surface of station 107 in August, with a value of 35.4 %. A significant positive statistical correlation was found for the relationship between PG in the particulate fraction and PO43¯ concentration (R=0.54, p=0.00069, n=33). The correlation between particulate PG, a phytoplankton marker, and PE, a bacterial marker, was significant at station 101 (R=0.62, p=0.00779, n=15), though not at station 107, where an increasing PE trend with increasing PG was detected. 




4.1. Nutrient availability and phytoplankton development
Observed variations of nutrient concentrations in the surface and bottom layers of two trophically different stations showed that the availability of nutrients was controlled by a combination of different processes. Surface nutrient concentrations are conditioned by the Po River input and circulation regime, while those at the bottom by regeneration processes that lead to oxygen consumption and subsequently to hyposaturation. During the investigated period Po River influence was more dominant at the western part of the basin. Considerable riverine inflow in spring corresponded to higher nutrient concentrations in the surface layer at station 101 in April and June in comparison to that at station 107 (Fig. 3). Elevated nutrient concentrations at station 107 in June indicated horizontal transport of freshened water from the west towards the east due to closed (cyclonic) circulation supported by a well stratified water column. Such a circulation regime usually appears in late summer as described by Supić and co-workers (2000), yet in 2008 this process had already occured in June. However, due to nutrient exhaustion by late summer, comparable concentrations were measured at both stations. The investigated area was phosphorus limited [DIN (NO3 + NO2 + NH4)/PO4>22 (Justić et al., 1995)]. Nitrogen limitation (threshold values for the phytoplankton uptake, DIN=1 µmol l–1 (Justić et al., 1995)), was observed in our study at station 107 in April, June (deep layers) and August (surface layer), while station 101 was limited in August through the entire water column.
Nutrient availability and distribution influenced phytoplankton succession (Table 2, and Fig. 7). An abundant diatom microplankton population developed in spring at station 101, while nanoplankton dominated in June. At the same time at the nutrient depleted station 107, nanoplankton dominated over microplankton. Mangoni and co-workers (2008) assigned a nano- instead of microplankton shift under nutrient depleted conditions. Summer oligotrophy promoted an abundance of small diatoms and dinoflagellates, mainly of the Cyclotella and Prorocentrum genus. The species richness (Table 2) increased during oligotrophication. In late summer nutrients from regeneration processes supported a diatom microplankton bloom in the layer below the thermocline at station 107, as also described by Pugnetti et al. (2004), although such blooms usually develop during the stratification period when the Istrian Coastal Countercurrent does not appear (Kraus and Supić, 2011). At the surface of station 101 in August an extremely rich microplankton population developed, probably from the traces of Po River nutrients (S=36.7, Fig. 2). The rest of the water column was dominated by nanoplankton. This situation masked presentation in Fig. 7a on the dominance of nanoplankton under nutrient depleted conditions. Under conditions of abundant nutrients, both in spring at station 101 and in late summer at station 107, the diatom Pseudo-nitzschia spp. was the dominant species. 

4.2. Phytoplankton and organic matter production
New OM production in the northern Adriatic is most pronounced in the surface layer together with decreasing production from the western to the eastern part of the basin (Giani et al., 2005; Tepić et al., 2009), corresponding to stations 101 and 107, respectively, in the present work. Such a distribution was observed for DOC and especially for POC in this study (Fig. 4). Higher POC content at station 101 implies that this site was more important in new OM production than station 107. A significant correlation found between particulate PG, a phytoplankton marker, and PE, a bacterial marker, at station 101 implies that the bacterial population regularly followed phytoplankton succession. This is in agreement with data on bacteria-phytoplankton coupling in the northern Adriatic as described by Puddu et al. (1998). This “partnership” between phytoplankton and bacteria may explain why, although nutrients and phytoplankton abundance were richer at station 101, the DOC content was similar to that at station 107, i.e. eventually, more OM produced at station 101 underwent remineralization by bacteria. 
The accumulation of a particulate OM fraction is regularly detected during phytoplankton blooms. Such POC accumulation was pronounced in spring at station 101 when a high abundance of diatoms was recorded (up to 5 x 106 cells l-1). During periods of high phytoplankton production, 80% of the particulate matter may consist of living cells, while in oligotrophic waters the proportion is considerably lower (Volkman et al., 1986). However, in this study an important contribution of non-living OM to the POC pool and decoupling between OM production and decomposition for the investigation period was observed. Namely, a significant correlation between POC and phytoplankton abundance was obtained in only two cases, for station 101 in April and for station 107 in June, due mainly to high abundances of Skeletonema sp. and Pseudo-nitzschia sp., respectively. The same conclusion may be drawn from the low correlation between total particulate lipids and phytoplankton abundance, implying that the majority of lipids was originating from plankton detritus and fecal pellets. 
As Yoshimura and co-workers (2009) noted, most of the photosynthetically produced lipids are retained as cellular constituents. The prevalence of OM production processes in the present study in spring is depicted from: (i) the dominance of particulate over dissolved lipids, (ii) a high contribution of POC to TOC and (iii) a significant correlation between oxygen saturation and phytoplankton abundance. In contrast, late spring and summer were characterized by an abundance of dissolved lipids and decreased POC content, implying important processes of OM reworking. Smith et al. (1997) and Lee et al. (2009) showed that in a low nutrient medium lipids are synthesized rather than proteins or carbohydrates. Their findings were clearly supported by our results at oligotrophic station 107, where a substantially higher contribution of particulate lipids to POC was recorded during nutrient depletion than at the mesotrophic station 101. 
Dissolved lipid degradation, followed through the lipolysis index, was enhanced from April to August at station 101. The opposite was found at station 107. There was a temporal shift at station 107 in comparison to station 101 in both the development of a rich microplankton community and regenerative processes at the bottom, which are indicated by oxygen hyposaturation and elevated nutrient concentrations. Therefore, OM production and consequently its decomposition were modified over time at station 107. This could be due to the fact that station 107 is supplied with lower concentrations of nutrients from the Po River which arrive there later, if such circulation is established at all. As a consequence, earlier blooms and OM production could be expected at station 101 than at station 107. Furthermore, at the shallower station 101 organic matter, which is produced earlier in a higher content, is settled sooner and therefore OM remineralization may start earlier than at station 107. 

4.3. Lipid biogeochemistry
Measured lipid concentrations, which ranged from 5.4-92.2 µg l–1 and from 16.9-76.9 µg l–1 for the dissolved and particulate fraction, respectively, were similar at the two stations. They were comparable to the published data on Iatroscan measured lipids concentrations. Parrish and co-workers (1988) near the edge of the Scotian slope (March, April and June) recorded dissolved lipids in the range from 49 – 190 µg l–1, and those of particulate lipids 28 – 58 µg l–1, in the surface mixed layer.  Further, Gérin and Goutx (1994) in the Alboran Sea (May) noted concentrations of 9 to 113 µg l–1 and 3 to 84 µg l–1 in the dissolved and particulate fractions, respectively. Goutx et al. (2009) in the Ligurian Sea (September to October) found that lipid concentrations in the dissolved fraction varied from 5.3 to 48.5 µg l–1. Higher concentrations were found in the saline Rogoznica Lake - they amounted to 46.4 – 369.9 g l–1 for particulate and 44.8 – 124.4 g l–1 for dissolved lipids (Penezić et al., 2010). Similarly to DOC and carbohydrates summer accumulation (Giani et al. (2005) and Tepić et al. (2009)), accumulation of lipids was also recorded in summer for both stations as revealed from the comparison of lipid summer concentration to that of spring.
The lipids’ main source was marine phytoplankton (Tables 1 a-c), considering from the domination of phospholipids, which are associated with living organisms (Derieux et al., 1998), in the particulate fraction. However, an enhanced accumulation of storage lipids (TG) observed during nitrogen stress for the marine diatom (Parrish and Wangersky, 1987) and during bloom decay (Parrish, 1987) or during oligotrophication in the NW Mediterranean (Bourguet et al., 2009) was not detected in this study (Fig. 8). Instead, in the period of oligotrophication from spring to late summer, an increased contribution of the photosynthetic membrane lipid, MGDG (Guschina and Harwood (2009)) to the lipid pool was noted (Fig. 8). This suggests that phytoplankton taxa (Table 2), which adapted to low nutrient conditions, enhanced MGDG synthesis because those are molecules without nitrogen or phosphorus. Namely, phospholipids synthesis, which is dependant on the availability of phosphorus, was probably restricted as phosphorus limitation was detected for the whole period. Normalization of MGDG to phytoplankton abundance was carried out to obtain an approximate quantity of glycolipids per cell. Subsequently, normalized glycolipids per cell were correlated to TIN and PO4 concentrations to verify the assumption on enhanced MGDG synthesis. It was observed that at higher nutrient concentrations the normalized glycolipid quantity was lower. For comparison, in a nutrient rich system the percentage of MGDG in the particulate lipid pool in summer was less than 15 % (Penezić et al., 2010). Similarly, phytoplankton may overcome phosphorus deficiency by synthesis of sulfoquinovosyldiacylglycerol, a lipid with sulfur and sugar in place of phosphate (Van Mooy et al., 2006). The MGDG dominance in the dissolved fraction suggested that phytodetritus was a source of the detected lipids. The same was observed in the Ligurian Sea (Goutx et al., 2009). 
To evaluate the potential degradation of lipids by the bacterial community, PE was correlated with particular biodegradation indicators. Correlations between PE and 1,3DG and 1,2DG at station 101 and PE and 1,2DG at station 107 were statistically significant only for April. That indicated that bacterial degradation of lipids was significant in spring, whereas very probably the important contribution of lipid abiotic degradation (Christodoulou et al., 2009) characterized summer when solar irradiation was very high. Photoreactivity of phytoplanktonic detritus was shown to be strong, especially in oxic conditions where pigments and unsaturated lipids are likely sources of reactive oxygen species (Mayer et al., 2009). Ectoenzyme activities of heterotrophic bacteria in the northern Adriatic have an increasing trend in the warm period (July–October) (Zaccone et al. 2002).  During transitional changes from spring mesotrophy to summer oligotrophy in the NW Mediterranean, Bourguet et al. (2009) detected a more active bacterial metabolism per cell in summer than in spring although the accumulation of lipid metabolites, which is explained by nutrient limitation, may have slowed down the assimilation of monomers by the bacterial community. In the present study, increased concentrations of PE were detected during accumulation of lipids in June. This implies lower degradation of lipids by bacteria in summer in the northern Adriatic. We suggest more preferential utilization of other biochemicals by the bacterial community rather than lipids in summer. In line with that, extracellular alkaline phosphatase activity in the northern Adriatic shows a marked decrease in activity from May to June (Ivančić et al. 2009).
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Fig. 1. Map of sampling stations in the northern Adriatic Sea.

Fig. 2. Vertical distribution of T (open symbols) and S (closed symbols) at stations 101 (a) and 107 (b), and vertical distribution of oxygen saturation at stations 101 (c) and 107 (d). Data given for April (squares), June (triangles) and August (circles).

Fig. 3. Vertical distribution of nutrients: SiO4 at stations 101 (a) and 107 (b), NO3 at stations 101 (c) and 107 (d), NO2 at stations 101 (e) and 107 (f), NH4 at stations 101 (g) and 107 (h), PO4 at stations 101 (i) and 107 (j), and Porg at stations 101 (k) and 107 (l). Data given for April (squares), June (triangles) and August (circles).

Fig. 4. Vertical distribution of DOC at stations 101 (a) and 107 (b), and of POC at stations 101 (c) and 107 (d). Data given for April (squares), June (triangles) and August (circles).

Fig. 5. Vertical distribution of dissolved lipids (Lipidsdiss), particulate lipids (Lipidspart), lipolysis index in the dissolved (LIdiss) and particulate (LIpart) fractions at stations 101 (a, c, e and g) and 107 (b, d, f and g). Data given for April (squares), June (triangles) and August (circles).

Fig. 6. Vertical distribution of phytoplankton cells abundance in the micro-fraction at stations 101 (a) and 107 (b), and in the nano-fraction at stations 101 (c) and 107 (d). Data given for April (squares), June (triangles) and August (circles).

Fig. 7. Average contribution of the micro- and nano-plankton at stations101 (a) and 107 (b); major phytoplankton groups (in %) to the total cell abundance at stations 101 (c) and 107 (d). Data are compared to average concentrations of SiO4 (triangles), NO3 (rhombi) and PO4 (stars) for April, June and August.


































Table 1 a-c. Lipid class composition of the dissolved and particulate fractions of northern Adriatic seawater measured in April (a), June (b) and August (c) by Iatroscan, expressed in g l-1.































































































Calciosolenia brasiliensis (Lohman) Young			380	380	0
Emiliania huxleyi (Lohm.) Hay and Mohler *	5,680	17,738	12,061	42,570	11,839

















Dactyliosolen fragilissimus (Bergon) Hasle 	420,096	1,805	3,725	1,218,003	377,861
Diploneis bombus Ehrenb.		2,280		2,280	0
Diploneis sp.	1,900		2,838	2,838	933
Guinardia flaccida (Castr.) Perag.			107	240	115
Guinardia striata (Stolter.) Hasle 		600	380	760	332
Hemiaulus hauckii Grun.			173	320	137
Leptocylindrus danicus Cleve		1,013	4,368	10,640	3,622
Leptocylindrus mediterraneus (Perag.) Hasle 			6,080	6,080	0
Navicula sp.		950		1,520	806
Nitzschia longissima (Breb.) Ralfs	380	760	1,140	1,520	481
Paralia sulcata (Ehrenb.) Kütz. 		2,470		4,180	1,996
Pleurosigma sp.			40	40	20
Proboscia alata (Brightw.) Sund. 	760	428	2,755	7,600	2,339
Proboscia indica (Perag.) Hern.-Becerr.			80	119	56
Pseudo-nitzschia spp. Perag.	738,442	380	192,660	1,964,167	644,532










Ceratium furca (Efrenb.) Clap. et Lachm.	199	305	80	570	242
Ceratium fusus (Ehrenb.) Dujardin		633	93	1,140	410
Ceratium hexacanthum Gourr.		40		40	0
Ceratium macroceros (Ehrenb.) Cleve			760	760	0
Ceratium trichoceros (Ehrenb.) Kof.			40	40	0








Prorocentrum compressum (Bailey) Abe			40	40	0
Prorocentrum micans Ehrenb.		140	40	190	87
Prorocentrum minimum (Pav.) Schiller *		20,923		56,719	31,113
Prorocentrum sp.		190		190	0





Noctiluca scintilans (Macartney) Ehrenb. 	199	665	40	1,140	504
Protoperidinium brochii (Kof. et Sw.) Bal.		380		380	0
Protoperidinium crassipes (Kof.) Bal.			40	40	0
Protoperidinium depressum (Bailey) Bal.		115		190	106
Protoperidinium sp.			380	380	0
Protoperidinium steinii (Joerg.) Bal.	 	270	 	380	156
SILICOFLAGELLATES					








Emiliania huxleyi (Lohm.) Hay and Mohler *	6,390	6,622	15,609	22,704	6,477




















Dactyliosolen blavyanus (Perag.) Hasle 			40	40	0
Dactyliosolen fragilissimus (Bergon) Hasle 	15,702	602	1,077	28,880	9,815
Diploneis bombus Ehrenb.		570	1,140	1,140	380
Diploneis sp.	380			380	0
Ditylum brightwellii (West) Grun.			80	80	0
Guinardia flaccida (Castr.) Perag.		40	518	950	346




Neocalyptrella robusta (Norman) Hern.-Becerr.			40	40	0
Nitzschia longissima (Breb.) Ralfs	665	3,420	570	4,180	1,531
Paralia sulcata (Ehrenb.) Kütz. 		80		80	0
Pleurosigma sp.	190	40		190	87
Proboscia alata (Brightw.) Sund. 	380	350	1,583	3,420	1,064
Pseudo-nitzschia spp. Perag.	390	513	129,161	396,857	119,961




Thalassionema nitzschioides (Grun.) Meresch.			687	1,140	471






Ceratium furca (Efrenb.) Clap. et Lachm.	120	380	203	380	154
Ceratium fusus (Ehrenb.) Dujardin	80	210	570	760	278
Ceratium gibberum Gourr.	40		380	380	196
Ceratium massiliense (Gourr.) Karsten		40		40	0
Ceratium pavillardii Joerg.			380	380	0
Ceratium trichoceros (Ehrenb.) Kof.	80		40	120	46












Prorocentrum minimum (Pav.) Schiller *		633		1,140	439
Prorocentrum sp.		285		380	134




Noctiluca scintilans (Macartney) Ehrenb. 	80	190	380	380	125
Protoperidinium sp.	40			40	0




Dictyocha speculum Ehrenb. 	40	 	380	380	240
*  nanophytoplankton species



